Reactive oxygen species (ROS) are important signalling molecules, which participate in multiple physiological processes including immune response, development, cell elongation and hormonal signalling in plants. Plant NADPH oxidase, termed respiratory burst oxidase homologue (RBOH), is frequently studied as a main player for pathogen-responsive ROS burst. Our understanding of the activation mechanism of RBOH after pathogen recognition has increased in recent years. In this review, we focus on kinase-mediated regulatory mechanisms of RBOHs. Calcium-dependent protein kinases (CDPKs) are well known to activate RBOHs by direct phosphorylation. In addition to functions of CDPKs in plants, we also describe the involvement of receptor-like cytoplasmic kinases (RLCKs) and mitogen-activated protein kinases (MAPKs) in fine-tuning RBOH activity at the post-translational and transcriptional levels, respectively.
Introduction
Plants have evolved a biphasic immune system that is essential for survival against attacks by microbial pathogens. The firstlayered defence is often initiated by a perception of pathogenassociated molecular patterns (PAMPs) via plant pattern recognition receptors (PRRs) on the cell surface and so-called PAMP-triggered immunity (PTI) [1] . Pathogens obtain effectors and introduce them into plant cells to suppress plant defence, but plants use intracellular immune receptors, which are plant resistance (R) gene products, to perceive such effectors directly or indirectly, and activate the second-layered defence called effector-triggered immunity (ETI) [2, 3] . ETI shares similarities with signalling components of PTI, but in many cases, ETI is accompanied by hypersensitive response (HR) cell death at the infection site [4] and distal area [5] [6] [7] .
Reactive oxygen species (ROS) are important signalling molecules in fundamental plant processes, such as resistance to biotic and abiotic stress, stomatal closure and development [8] . Plant NADPH oxidase (Nox) is one of the most-studied ROS-producing enzymes and is termed as respiratory burst oxidase homologue (RBOH) that is homologous to Nox5 in mammalian NADPH oxidase [9] . RBOHs are plasma membrane proteins composed of six transmembrane domains, C-terminal flavin adenine dinucleotide and NADPH hydrophilic domains and two N-terminal Ca 2þ -binding EF-hand motifs [10] . RBOH genes are in plant genomes, such as Arabidopsis, rice (Oryza sativa), potato (Solanum tuberosum) and Nicotiana benthamiana, and form a small multigenic family. In Arabidopsis, AtRBOHD and AtRBOHF are responsible for ROS production against pathogen attacks [11] and after PAMP recognition [12] . In N. benthamiana, NbRBOHA-and NbRBOHB silencing show reduced ROS production in response to Phytophthora infestans [13] .
In recent years, a number of studies have shown regulation of plant RBOHs by post-translational modifications, e.g. phosphorylation by calcium-dependent protein kinase (CDPK) or Ca 2þ and phosphatidic acid bindings in the N-terminal region of RBOHs, or their interacting partners, e.g. OsRACK1 and 14-3-3 protein [14] [15] [16] [17] [18] [19] . Especially, the biological significance of direct phosphorylation of RBOHs in plant immune responses has become apparent. Here, we summarize recent advances in our understanding of kinase-mediated post-translational regulation of RBOHs, and discuss the consequence of transcriptional controls by kinases on the dynamics and function of RBOHs.
CDPK and RLCK fine-tune RBOH activity in PRR-mediated signalling
Post-translational regulation of RBOH is required for its activity and ROS production, because overexpression of the RBOH gene does not result in constitutive ROS production [20] [21] [22] . In the 1990s, we found that Ca 2þ signalling and protein phosphorylation are involved in pathogen elicitor-stimulated ROS burst by using a Ca 2þ chelator and a protein kinase inhibitor [23, 24] .
Later studies indicated that Ca 2þ influx into the cytoplasm is essential to activate RBOHs [25] [26] [27] , and Nox activity gel assay revealed direct activation of RBOH by Ca 2þ [8] . On the other hand, ectopic expression of Arabidopsis CDPK, AtCPK1, in tomato protoplasts and transient expression of NtCDPK2VK, the constitutively active mutant of tobacco NtCDPK2, in N. benthamiana leaves with wound stress induce ROS production [28, 29] . CDPK is a calcium sensor protein and comprises multigene families of 34 members in Arabidopsis, and is divided into four subfamilies (CDPKs I-IV) [30] . These reports suggested that CDPKs are associated with post-translational modification of RBOHs. We previously investigated the direct phosphorylation of potato StRBOHB by protein kinases and identified S82 and S97 in the N-terminus of StRBOHB as Ca 2þ -dependent phosphorylation sites by in-gel kinase assay [31] . Moreover, to isolate StRBOHB kinase, we performed complementary DNA expression screening using an anti-phosphopeptide (pS82) antibody and cloned StCDPK4 and StCDPK5, which are categorized into CDPK I subfamily; mass spectrometry analyses showed that these CDPKs phosphorylate S82 and S97 in a calcium-dependent manner [31] . Ectopic expression of StCDPK5VK, the constitutively active mutant of StCDPK5, induces ROS production in N. benthamiana leaves, and ROS production is abolished by knockdown of NbRBOHB. This loss of function is complemented by heterologous expression of wild-type StRBOHB, but not by the alaninesubstituted mutant (S82A/S97A). StCDPK5VK phosphorylates S82 of StRBOHB in N. benthamiana leaves. This finding provides the first evidence that CDPK activates RBOH protein by direct phosphorylation for ROS production in plant. In Arabidopsis, quantitative phosphoproteomics have revealed multiple different Ser residues (S26, S39, S148, S163, S343 and S347) phosphorylated in response to PAMP stimulation in vivo, which are in the N-terminal region of AtRBOHD [32, 33] , and S148 of AtRBOHD corresponds to S97 of StRBOHB. Recently, AtCPK4, AtCPK5, AtCPK6 and AtCPK11, members of CDPK I subfamily, were identified as positive regulators of bacterial PAMP flg22 (a 22-amino-acid peptide of flagellin) -induced ROS burst by functional genomic screening using protoplasts transformed by flg22 responsive reporter (NHL10-LUC) [34] . Double, triple and quadruple mutant plants exhibit increasingly diminished flg22-triggered ROS burst as well as pathogen resistance, indicating key redundant functions of the CDPK I subfamily members in rapid PAMP signalling [34] . A later biochemical approach showed that at least AtCPK5 is activated rapidly on PAMP recognition, and that active AtCPK5 directly phosphorylates AtRBOHD in vivo and regulates its activity for full ROS production [7] . Selected reaction monitoring tandem mass spectrometry analysis of AtRBOHD peptide using atcpk5 mutant and lines overexpressing AtCPK5 identified Ser residues S39, S148, S162, S163, S343 and S347, of which AtCPK5 are involved in phosphorylation of S39, S148, S163 and S347 [7] . These results suggest that the other protein kinases including AtCPK5, are also required for AtRBOHD phosphorylation.
Recently, two independent studies [35, 36] showed that besides CDPKs, receptor-like cytoplasmic kinases (RLCKs) are involved in PAMP-responsive phosphorylation of AtRBOHD. RLCKs form a superfamily and are divided into 13 subfamilies [24] . BIK1 is a member of RLCK VII subfamily, and constitutively associates with FLS2 and EFR [37, 38] , which are well-known PRRs, that detect bacterial immunogenic peptides flg22 and elongation factor-Tu (elf18) as PAMPs, respectively [39] . Recognition of PAMPs by FLS2 or EFR induces association with coreceptor leucine-rich repeat receptor-like kinase called BAK1 [40] [41] [42] [43] [44] ; ligand-mediated interaction initiates activation of the PRR complex and rapid phosphorylation of RLCK BIK1, which release active BIK1 from FLS2 and EFR, and then leads to downstream responses [38, 45] . Loss-of-function analysis using bik1 and mutants of other subfamilies (e.g. pbl1) showed that BIK1 and PBL1 positively and redundantly function in flg22-and elf18-triggered ROS bursts [38] , but are not required for flg22-induced mitogen-activated protein kinase (MAPK) activation [46] . Coimmunoprecipitation and mutant analyses showed that AtRBOHD is a component of the PRR complex, and proteomic analyses and kinase assay revealed BIK1-or CDPKs-specific phosphorylation sites on AtRBOHD [35, 36] . Except for S347, which is phosphorylated by both BIK1 and CDPKs, S39, S339 and S343 are phosphorylated by BIK1 but not by CDPKs, whereas S133 and S163 (T161/S162) are phosphorylated by CDPKs (Figure 1 ) [35, 36] . However, BIK1-mediated phosphorylation of S39 conflicts with the results describing S39 phosphorylation by AtCPK5 [7] . Ca 2þ chelator EGTA and calcium channel blocker LaCl 3 do not affect PAMP-triggered S39 phosphorylation, and predicted CDPK-mediated phosphorylation motifs were not found in the residues surrounding S39 [35, 36] . In addition, PAMP-induced S39 phosphorylation is not compromised in a cpk5 cpk6 cpk11 triple mutant [35] . These findings suggest that S39 is a direct phosphosite of BIK1, and AtCPK5 is unlikely to phosphorylate S39. At least BIK1-mediated phosphorylation sites depend on PAMPs perception, and mutations in the phosphorylation sites suppress PAMP-triggered ROS bursts, indicating that the post-translational modification by BIK1 is required for AtRBOHD activity [35, 36] . Interestingly, treatment with EGTA and LaCl 3 cannot interfere with BIK1 activation and phosphorylation of the BIK1-specific sites after PAMP recognition [35, 36] , indicating that BIK1 phosphorylates AtRBOHD in a Ca 2þ -independent manner. Obviously, Ca 2þ influx is essential for PAMP-induced ROS burst [47, 48] . Given that BIK1 positively regulates Ca 2þ influx on flg22 stimulation [36] , and rapidly phosphorylates AtRBOHD within 1-2 min after elf18 treatment [35] , BIK1 could contribute to amplify CDPKs activation and lead to primary conformational changes by phosphorylation to guide Ca 2þ or CDPKs or both in the N-terminus of AtRBOHD (Figure 2) .
A recent report showed that calcium sensor Cbl10 and its interactor protein kinase Cipk6 contribute to ROS generation during PTI and ETI in the interaction of Pseudomonas syringae pv tomato DC3000 and N. benthamiana [49] . This suggests the possibility that the Cbl/Cipk complex is also involved in the activation process of NbRBOHB by direct phosphorylation. However, the phosphorylation sites by Cbl10/ Cipk6 have not been shown.
Subcellular localization of CDPK confers substrate specificity on NADPH oxidase
CDPKs are Ser/Thr protein kinases and have an N-terminal variable (V) domain, a Ser/Thr kinase (K) domain, an autoinhibitory junction (J) domain and a calmodulin-like (C) domain containing four EF-hand motifs [50] (Figure 3 ). In the basal state, J domain maintains kinase in an inactive state by a pseudosubstrate process, and binding of Ca 2þ to the C domain leads to a conformational change, which releases an ATP-binding pocket in the K domain and permits enzyme activation [51, 52] . Truncated mutant VK, in which J and C domains are deleted, exhibits constitutive activity in a Ca 2þ -independent manner, and site-specific mutagenesis reveals that a substitution of six residues in the J domain confers Ca 2þ -independent kinase activity [53] . Thus, our knowledge of the activation mechanism has accumulated, but the substrate specificity of CDPKs is largely unknown.
To elucidate substrate specificity, not only CDPK-substrate interaction, but also the coincidence of subcellular localization with the substrates should be assessed in vivo. Imaging of GFPfused CDPKs has shown diverse cellular localizations of CDPKs, including in the cytosol, nucleus, plasma membrane, endoplasmic reticulum membrane and peroxisome membrane [30, 34, 54, 55] . Most CDPKs harbour predicted myristoylation and palmitoylation motifs at the N-terminus of the V domain, and are thought to be responsible for membrane association [56, 57] .
Mutations in these sites have shown that lipid modifications are required for anchoring to membranes [55, [58] [59] [60] [61] [62] . The Nterminal region of AtRBOHD is phosphorylated in vivo after PAMP treatment [32, 33] , and CDPKs (AtCPK4, AtCPK5, AtCPK6 and AtCPK11) might be involved in the phosphorylation [7, 34, 35] . However, colocalization and interaction between AtRBOHD and CDPKs have remained unclear. StCDPK5 phosphorylates S82 and S97 in the N-terminus of StRBOHB calcium-dependently, and ectopic expression of StCDPK5VK, which is the truncated mutant of StCDPK5, induces StRBOHB-dependent ROS production by phosphorylation of the N-terminus [31] . StCDPK5-and StCDPK5VK-GFP fusion proteins are predominantly localized on the plasma membrane [21] . Recently, we investigated in vivo substrate specificity between StCDPK5 and StRBOHB [22] . Mutations of N-terminal myristoylation and palmitoylation sites in StCDPK5 eliminate localization on the plasma membrane, interaction between StCDPK5 and StRBOHB and StCDPK5-mediated StRBOHB phosphorylation in vivo, suggesting that lipid modifications in the V domain of StCDPK5 are required to interact with and activate StRBOHB in vivo [22] . Tomato (Solanum lycopersicum) SlCDPK2, which has myristoylation and palmitoylation sites in the N-terminus and phosphorylates 1-aminocyclopropane-1-carboxylic acid synthase 2 [63] , phosphorylates StRBOHB in vitro but not in vivo [22] . A chimeric protein, in which the V domain of StCDPK5 is substituted with that of SlCDPK2, is localized on the trans-Golgi network and cannot phosphorylate StRBOHB in vivo. Conversely, chimeric SlCDPK2 substituted with the V domain of StCDPK5 is localized on the plasma membrane and activates StRBOHB. These findings suggest that plasma membrane localization of StCDPK5 via the V domain confers substrate specificity in vivo [22] . Similarly, domain-swapping between NtCDPK1 and AtCPK9 has shown that the N-terminal V domain of NtCDPK1 determines its target specificity in vitro and in vivo [64] . Thus, determination factors of the substrate specificity, including kinase-substrate interaction and their subcellular localization, should be carefully featured, otherwise one CDPK isoform seems to be potentially involved in various signalling pathways leading to pleiotropic action. Some CDPKs could change their localizations by stress responses. McCPK1, which was isolated from ice plant (Mesembryanthemum crystallinum), shows a localization shift from the plasma membrane to the nucleus in response to salt and low humidity conditions [65, 66] , suggesting that in vivo localization of CDPKs and interaction with their target must be assessed under stimulus conditions (e.g. PAMPs and effectors perception). MAPK cascades regulate resupply of de novo NADPH oxidase to plasma membrane
Although recent progress in understanding physiological functions of RBOHs has revealed their involvement in various plant processes, including immune responses, the subcellular localization and dynamics are still unclear. Cell fractionation studies primarily demonstrated that RBOHs are plasma membranelocalized protein in plant cells [14, 67, 68] , and later localization analysis using GFP-fused proteins supports these findings [10, 69] . Recently, the distribution and dynamics of RBOHs after elicitation were observed. In tobacco Bright Yellow-2 cells, subcellular localization of NtRBOHD before and after elicitation with oomycete protein cryptogein was investigated using confocal and electron microscopy. NtRBOHD-GFP was observed at the plasma membrane and at the periphery of the Golgi cisternae: cryptogein induced an increase in plasma membrane abundance of NtRBOHD-GFP within 1 h and a decrease in intracellular compartments [70] . Cryptogein treatment causes an ROS burst within 10-15 min and transcriptional upregulation of NtRBOHD [68, 70] . A protein synthesis inhibitor hardly affects the cryptogein-triggered increase in NtRBOHD-GFP on the plasma membrane, but enhances the decrease in the fluorescence in intracellular compartments, indicating that cryptogein induces rapid ROS burst resulting from activation of plasma membrane-localized NtRBOHD, and that inactive NtRBOHD may be distributed on the plasma membrane after elicitation by delivery from the Golgi pool and then by synthesis of new proteins [70] . In support of this idea, Nox2 and Duox2, which are NADPH oxidase/dual oxidase (Nox/Duox) in mammals, are converted through the endoplasmic reticulum and Golgi apparatus to the mature form and are translocated to the plasma membrane [71] [72] [73] [74] [75] [76] . A recent report also expects that glycosylation and subsequent N-glycan maturation of Nox1 occur in the Golgi apparatus, followed by transport to the plasma membrane [77] . These findings suggest that the maturation system in the Golgi for enzyme activity is a common process between plants and mammals, and that the Golgi may play a role as a reservoir of Nox proteins. Another interesting point of RBOH kinetics is the fate of activated RBOHs after elicitation. In many cases, PAMP perception leads to rapid and transient ROS burst [48, 78] , meaning that activated enzymes on the plasma membrane might be rapidly inactivated or degraded. In Arabidopsis, a single-particle approach was done to understand the dynamics of GFP-AtRBOHD in living cells, resulting that flg22 treatment increases mobility of GFP-AtRBOHD spots [79] . In mammals, phagocytic Nox is internalized from the plasma membrane by endocytosis, which is initiated by phosphatidylinositol 3-kinase-dependent phosphorylation [80, 81] . In plants, salt stress also induces internalization of GFP-AtRBOHD and endocytosis of the plasma membrane, which are responsible for intracellular ROS production [79, 82] . Endocytotic turnover is likely to be required to maintain AtRBOHC on the plasma membrane [69] . These reports suggest that the turnover of RBOH may play a pivotal role in regulating its activity and function. However, the turnover mechanism of RBOH on PAMP perception is largely unknown.
The plasma membrane-localized FLS2 is rapidly degraded after stimulation with flg22 via ubiquitination by E3 ligases or is internalized by endocytosis, followed by degradation of FLS2 [83, 84] . AtRBOHD is associated with FLS2 in vivo [35] , suggesting that the FLS2-AtRBOHD complex is recruited into the turnover system after ligand-dependent activation of the PRR complex. If RBOH rapidly turns over immediately after PTI-ROS bursts, a resupply system of new RBOH proteins to the plasma membrane will be important for subsequent ROS bursts. Consistent with this idea, in the interaction between potato and P. infestans, biphasic ROS bursts were observed, and a protein synthesis inhibitor abolished only the second ROS burst [85] . Phytophthora infestans INF1 elicitin induces HR cell death, ROS burst and transcriptional activation of NbRBOHB in N. benthamiana leaves [86, 87] . INF1-triggered expression of NbRBOHB depends on pathogen-responsive MAPKs, SIPK and NTF6 [88] . Expression of constitutively active mutants of upstream MAPK kinases MEK2 DD and MEK1 DD induce transactivation of the NbRBOHB gene and ROS bursts [13, 88] . These reports indicate that MAPK cascades are involved in transcriptional activation of RBOH, and that transcriptional regulation of RBOH may play pivotal roles in subsequent ROS bursts after turnover of the plasma membranelocalized RBOH used for the first burst. Besides MAPKs, we cannot rule out the possibility that other kinases (e.g. CDPKs) function in transactivation of the RBOH gene. In Arabidopsis, some CDPK family members show nucleus localization, and CDPK4, 5, 6 and 11 are likely to regulate transcriptional reprogramming in response to PAMPs and effectors by targeting transcription factors [34, 89] . Thus, kinase-mediated regulation of the RBOH gene might be crucial for the distribution and dynamics of RBOHs.
Future directions
In this review, we argue that kinase-mediated signalling definitely regulates PRR-mediated ROS bursts. Recently, OsRLCK185, a member of the RLCKVII subfamily in rice, was identified as a key player in rice immune signalling and a target of an effector of the rice pathogen Xanthomonas oryzae [90] . Interestingly, loss of function of OsRLCK185 suppressed PAMP-triggered ROS burst and MAPK activation [90] , whereas MAPK activation on flg22 treatment was not compromised in the bik1 mutant [46, 91] . Thus, functions of RLCKs seem to diverge in PRR-mediated signalling. Perception of pathogen effectors by plant intracellular receptors leads to ROS bursts, and the involvement of differential CDPKs in effector-triggered ROS burst is reported [89] . However, the regulatory mechanisms of RBOHs in ETI signalling remain unclear. ETI is subsequently induced after PTI. The de novo synthesis pathway of RBOHs via MAPK cascades is predicted to signify for RBOH-mediated ROS production during ETI, because plasma membrane-localized RBOHs are likely to be recruited into turnover system immediately after the first ROS burst. Further investigation of the transcriptional regulation mediated by MAPK in both PTI and ETI and post-translational modification by the crosstalk between CDPK and RLCK will be required for the whole picture of RBOH activation in plant immunity. The biological roles and unique regulatory features of each kinase will be interesting insights to understand how PTI-and ETI-ROS bursts are sequentially induced against pathogen attacks.
Key points
• Plant Nox, RBOH, is a main player for pathogenresponsive ROS burst.
• CDPKs and RLCKs activate RBOHs by direct phosphorylation.
• MAPKs induce RBOH at the transcriptional level in response to pathogen-derived signals. 
